Objective: To model breastfed infant growth and body composition patterns over the first 4 months with multiple bioactive components of human milk (HM) and clinical factors (including maternal BMI status), which are related to growth.
Introduction
The first months of life are a critical period of development, when nutritional cues provided by breastmilk can exert long-lasting programming effects (1) . Exclusive breastfeeding is universally recommended due to the immunologic protection it provides the recipient infant (2, 3) . Exclusive breastfeeding also imparts a modest protective effect against later obesity (4-7) and type 2 diabetes (8, 9) . This protective effect is likely partly mediated by a reduction in rapid and excessive weight gain specifically during early infancy (1) . However, the biological mechanisms remain controversial and may differ depending on maternal BMI status (5, 10, 11) .
Human milk (HM) is a dynamic and complex substance that delivers a milieu of hormones and other bioactive components that support infant development and optimize health (12, 13) . Previous studies have characterized many individual components within HM known to modulate weight regulation in adults with obesity and rodent models, including leptin (14, 15) , adiponectin (14, (16) (17) (18) , insulin (14, 19, 20) , cytokines (14) and fatty acids (21) ; all of which vary in HM according to maternal BMI. However, their role in regulation of infant body composition over time has not been well-studied. Furthermore, most studies of HM composition consider these constituents individually, and not acting in combination, as they are ingested by the breastfed infant.
Historical studies of infant growth focused on anthropometric measurements of infant size and growth characteristics and were unable to differentiate between programming influences that may have impacted the lean and fat mass compartments individually. Disproportionate postnatal accumulation of adipose (vs. lean tissue -as seen in 'catch up growth') is associated with later obesity (22, 23) . Understanding independent drivers of the adipose and fat-free mass (FFM) compartments in healthy breastfed infants may provide valuable insight into early postnatal programming events that could contribute to later risk of excess adiposity. This is particularly relevant among offspring born to mothers with elevated BMI.
We devised a longitudinal study of breastfed infants that incorporates extensive characterization of HM constituents, infant growth and infant body composition. This study builds upon our previous publication which detailed HM composition between mothers of normal weight (NW) vs. overweight/obesity (OW/Ob) (24) . In the present work, we constructed holistic models of infant growth to test the hypothesis that HM factors are associated with the partitioning of infant FFM vs. fat mass accumulation during the first 4 months of life. Our extensive characterization of HM composition and maternal characteristics allowed us to control for the simultaneous delivery of multiple bioactive components within HM, as well as maternal factors such as gestational weight gain. Secondly, we were able to test if any relationships differed among offspring of NW vs. OW/Ob mothers. In this way, we have identified factors in HM that are associated with infant growth and may contribute to regulation of FFM or fat-mass accumulation independently during this critical window of postnatal programming.
Methods

Participants
All aspects of this study were approved by the Colorado Multiple Institutional Review Board (clinical trials.gov: NCT01693406). Women between 20 and 36 years of age with a pre-pregnancy BMI <40.0 kg/m 2 , carrying a singleton fetus and planning to exclusively breastfeed for at least 4 months were recruited and consented during pregnancy. Exclusion criteria included renal disease or diabetes, development of gestational diabetes, pregnancy induced hypertension or delivery <37 weeks gestation. All women delivered their infants at the University of Colorado Hospital (UC Health) at the Anschutz Medical Campus (Aurora, CO). Maternal pre-pregnancy BMI was based on self-report of pre-pregnant weight and measured height. Normal weight (NW) was defined as a pre-pregnant BMI <25 kg/m 2 ; OW/Ob was defined as a pre-pregnant BMI ≥ 25 kg/m 2 .
Breast milk collections
A fasted mid-feed breast milk sample was collected at 2 weeks, 1, 2, 3 and 4 months, as previously described (24) . Milk was immediately placed on ice and transported to the laboratory for processing. Skim milk was generated by spinning milk at 10 000 g at 4°C for 10 min. Aliquots of skim and whole milk were then stored at À80°C until analysis. Milk macronutrients (carbohydrate, protein and fat), caloric density, insulin, free glucose, leptin, adiponectin, 8-hydroxydeoxyguansoine (8OHdG) and inflammatory cytokines IL-6, IL-8 and TNF-α were measured as previously reported (24) . Total esterified fatty acid composition in HM at 2 weeks and 4 months was quantified by lipid mass spectrometry as previously described (21) . The total omega-6 (n-6) to omega-3 (n-3) ratio (n-6:n-3) was calculated as the quantitative sum (nmoles per nmole of triglyceride) of all n-6 fatty acids divided by the sum of all n-3 fatty acids (21) .
Breastfeeding exclusivity
A breastfeeding exclusivity score was calculated at each study visit as the percentage of feeds in the past week that were breast milk. At 4 months, total breastfeeding exposure was calculated to reflect exclusivity over time (24) . For example, a total breastfeeding exposure of 50% could indicate either exclusive breastfeeding for 2 months and then no breastfeeding for months 2 to 4, or 50% of feeds from breastmilk over the entire 4-month study. This study only included infants who were still receiving HM at 4 months and had a total breastfeeding exposure of ≥70%. A total of seven mother-infant dyads did not meet this feeding criterion and were excluded from the original cohort of 48 (24) . These seven dyads exhibited an average breastfeeding exclusivity score of 22% (range: 16-37%).
Anthropometry and body composition
Study personnel visited mothers in the hospital within 48 h of delivery. Infant sex, birth weight and mode of delivery were obtained from medical records. Birth length was measured in triplicate by research staff using an infantometer (Ellard Instrumentation Ltd, Monroe, WA) that was accurate to 0.1 cm. At 2 weeks, 1, 2, 3 and 4 months, participants were seen for follow-up visits. At each visit, maternal height and weight were measured, and mothers were administered a modified version of the Infant Feeding Practices II questionnaire which queried about current feeding practices and breastfeeding exclusivity (25) .
At each visit, infant tricep and subscapular skinfold thickness were measured in triplicate using skinfold callipers (Lange Skinfold Callipers, Cambridge Scientific Industries, Cambridge MD). Naked infant weight was measured in triplicate on a Sartorius Research Scale (Sartorius, Bradford, MA) that was accurate to 0.1 g and was calibrated at each visit. Infant length was measured in triplicate on an infantometer. All anthropometry measurements were performed by one of four research personnel who all underwent standardized training for infant anthropometry.
At 2 weeks and 4 months, infant %body fat was measured by air displacement plethysmography (PEAPOD; COSMED USA, Inc., Concord, CA), by the same investigator.
Calculations
Infant weight for length Z-scores (WLZ) were calculated according to the WHO standards for breastfed infants 0-24 months (26,27). At each follow-up measurement, an estimate of infant %body fat from skinfolds (SF %fat) was calculated based on infant sex, and tricep and subscapular skinfold measures (28) . Differences in infant growth characteristics and HM composition between maternal BMI groups (NW vs. OW) were tested for using t-tests or non-parametric tests.
All variables were tested for normality using the Shapiro-Wilks test. Non-normal variables were log-transformed to ensure normality (HM insulin and cytokines) in multivariable models. HM insulin was considered in models as either a log-transformed linear variable or categorized into quintiles (based on the findings of Chan et al. (20) ). The insulin variable that contributed the most parsimony to the model was included when relevant.
A HM inflammatory score was calculated as the standardized mean of IL-6, IL-8 and TNF-α at each time point, such that a score > 0 indicates higher than cohort-average inflammatory cytokine concentrations and a score < 0 indicates lower than cohort-average concentrations.
Models of infant WLZ
Linear mixed models were used to determine the association between infant WLZ change over time (trajectory) with longitudinal measures of HM analytes. Milk analytes were measured over time and were separated into two variables in the models. One variable represented the mean of the analyte level across all 5 time points (2 weeks, 1, 2, 3, 4 months) allowing for assessment of the differences between individuals. The second variable was the difference at each individual time point between a participant's 5-time point mean and the measured analyte at that time point, allowing for assessment of the pattern of change for the milk analyte over time (differences within individuals). Because the n-6:n-3 ratio in HM was only measured a two time points (2 weeks and 4 months), and because the fatty acid composition of HM reflects maternal dietary intake (21), the 2-time point average n-6:n-3 ratio was used in the longitudinal models as an estimate of cumulative infant exposure over the 4-month study period. Final models were determined based on univariate statistical significance of HM analytes and non-milk factors identified as potential covariates. Potential covariates considered included maternal prepregnancy BMI group, birth weight, ponderal index, birth SF %fat, gestational age at delivery, gestational weight gain, maternal age, breastfeeding exclusivity, infant sex and mode of delivery. A potential interaction between each initially identified covariate and maternal BMI group was considered in the initial model.
Models of infant body composition (PEAPOD)
Infant rate of change in FFM (g/day) and %fat (%/day) was calculated from the change in infant fat mass (estimated by PEAPOD) from 2 weeks to 4 months, divided by the time in days elapsed. To test the primary hypothesis that HM factors are associated with the partitioning of infant FFM vs. fat mass accumulation during the first 4 months of life, multivariable regression was utilized to model these two outcomes as dependent variables. Potential covariates and predictors considered included maternal BMI group (NW vs. OW/Ob), birth weight, ponderal index, birth SF %fat, gestational age at delivery, gestational weight gain, maternal age, total breastfeeding exposure, infant sex, delivery type and average HM composition (lactose, fat, calories, insulin, glucose, leptin, adiponectin, 8OHdG and inflammatory score). Variables that were marginally statistically associated with the outcome in a univariate manner (P < 0.25) were included in an initial model, and backwards stepwise regression was utilized to reach the most parsimonious model. A potential interaction between each initially identified covariate and maternal BMI group was considered in the initial model. Data analyses were performed using SAS 9.4 and JMP Pro13 (SAS Institute Inc, Cary, NC). Data are presented as mean ± SD, unless otherwise specified.
Results
Cohort characteristics
This cohort of predominantly breastfeeding dyads included 41 mother-infant pairs (25 NW and 16 OW/Ob). Characteristics of the cohort as a whole and by BMI group separately are presented in Table 1 . Formula supplementation rates were low (minimum total breastfeeding exposure =70%). Only six of the 41 mothers (14.6%) were providing any supplementation at 4 months; these six dyads had an average total breastfeeding exposure of 86%. Thus, total breastfeeding exposure was dichotomized for entry into models of growth -separating women who provided any amount of formula supplementation vs. those exclusively breastfeeding through 4 months (85.4% of cohort).
All infants were born at term (range for gestational age: 37.6-41.9 weeks) and birth weight ranged from 2665 to 4465 g. Infant growth and body composition characteristics in the cohort as a whole and by BMI groups separately are presented in Fig. 1 . Controlling for sex, infants born to OW/Ob mothers were larger (3218 ± 354 g vs. 3639 ± 493 g; P = 0.01) and had a higher SF %fat (7.4 ± 2.2% vs. 9.4 ± 2.5% P = 0.02) at birth. This difference in weight remained significant at 2 weeks (P = 0.04), but thereafter there were no differences between groups in weight (controlling for sex), or any measures of growth or adiposity.
Milk composition
Description of the HM composition of the entire cohort has been previously published (21, 24) . The milk macronutrients and bioactive molecule composition of this predominantly breastfed sub-set was representative of the previously published cohort and is presented in Table S1 .
Infant growth modelling -longitudinal modelling of infant WLZ
The longitudinal model of infant WLZ trajectory is presented in Table 2A . A positive parameter estimate indicates a positive relationship with WLZ trajectory (an upwards trajectory). Insulin was the only HM component remaining significant in this model and the effect differed by maternal BMI. The association of HM insulin with WLZ was significantly different between the NW and OW/Ob mothers (P = 0.019), it was negatively associated with WLZ trajectory (P = 0.028) among infants of NW mothers, but not associated with WLZ trajectory among infants of OW/Ob mothers. As WLZ trajectory can be driven by shifts in either the FFM or fat mass compartments, we therefore pursued multivariable modelling of these individual compartments, as detailed below.
Infant growth modelling -rate of infant FFM accumulation/day
The multivariable model results for rate of infant FFM accumulation (g/day, as estimated by PEAPOD) are presented in Table 2B . As expected, male infants exhibited faster FFM accrual (P = 0.007) (29) . Infants born to OW/Ob mothers showed significantly slower FFM accumulation than infants born to NW mothers (P = 0.002). Furthermore, a higher SF %fat birth was associated with a faster rate of FFM deposition only among infants of OW/Ob mothers ('infant SF %fat at birth × Maternal BMI Group' interaction term P = 0.001). Both HM glucose and HM ghrelin were associated with a slower rate of FFM deposition, but the effect size of HM glucose was of clinical significance (À0.27 g/day); this estimate indicated that for every 6 mg/dL increase in HM glucose (the standard deviation of this measurement), the infant lays down 178 fewer grams of FFM over the study interval. All the predictor variables presented in Table 2B together explained 52% of the variability in rate of FFM gain (Model R 2 = 0.52).
Infant growth modelling -modelling of infant fat mass gain/day
The multivariable model of rate of infant fat gain (g/day, as estimated by PEAPOD) is presented in Table 2C . As expected in the context of 'catch-up growth', earlier gestational age was associated with faster fat deposition (P < 0.001). The total breastfeeding exposure parameter in the model demonstrates that any degree of formula supplementation was associated with a higher rate of fat deposition (P < 0.001) that would be equivalent to roughly 200 g more body fat by 4 months. We have reported that HM n-6:n-3 ratio was associated with a faster %fat gain in our larger cohort. HM n-6:n-3 ratio was associated with a faster fat gain (P < 0.001) indicating that a 1.5 unit increase in HM n-6:n-3 ratio (the approximate standard deviation of this measure) would correlate with roughly 217 g more body fat over the study period. HM protein concentrations were inversely associated with the rate of fat gain indicating that a 0.3 unit increase in HM protein (the approximate standard deviation of this measure) would correlate with roughly 189 g less body fat over the study period. HM adiponectin concentrations were inversely associated with the rate of fat gain indicating that a 13.6 unit increase in HM protein (the approximate standard deviation of this measure) would correlate with roughly 168 g less body fat over the study period. The nature of the relationship between HM insulin quintiles and %fat gain/day was a complex bimodal distribution (an 'M-shaped' curve). All the predictor variables presented in Table 2C together explained 47% of the variation in infant %fat gain /day (Model R 2 = 0.47).
Infant growth modelling -modelling of infant %fat gain/day
The multivariable model of rate of infant %fat gain (%/day, as estimated by PEAPOD) is presented in Table S2 . The results were similar to the model of fat mass gain. Differences included that the model of %fat gain/day indicated a trend for maternal prepregnancy OW/Ob to be associated with a greater rate of %fat increase (P = 0.056) that would be equivalent to a 1.2% higher %body fat at 4 months. An additional difference as that HM adiponectin did not remain a significant predictor in the model of %fat gain/day. The other predictor variables were the same between the model of %fat and fat mass g/day. All the predictor variables presented in Table  S2 together explained 50% of the variation in infant %fat gain /day (Model R 2 = 0.50).
Discussion
The first months of life are a critical period of accelerated growth of both the fat and FFM compartments. There is increasing evidence that the partitioning of early life nutrients into fat and/or FFM associates with the risk for later life obesity and associated metabolic diseases (22, 23, 30 ). The precise mechanisms driving this partitioning are unclear. Our results suggest that specific components present in HM may contribute differently to the way that breastfed infants partition FFM vs. fat mass and that this effect may differ depending on maternal weight status. We were able to construct sophisticated models of infant WLZ trajectory utilizing all of the longitudinal growth data collected at 5 time points. In a model of WLZ trajectory, the effect of HM insulin varied by maternal BMI group. In NW women, HM insulin was associated with a downward WLZ trajectory, while in OW/Ob women HM insulin was not associated with WLZ trajectory. This interaction is consistent with 'fetal programming' indicating that infants who were gestated by an OW/Ob mother exhibit les of a response to HM insulin that infants gestated by NW women. However, the variability in WLZ trajectories observed was all within the normal range for the 'gold standard' of growth, i.e., that expected from healthy breastfed infants (Fig. 1) . None of these infants exhibited excessive or poor weight gain and relationships with growth rates should be interpreted with caution. Our body composition models were used to provide insight into whether increased fat-mass, or limited length gains were underlying WLZ trajectory differences. Our models of infant FFM accrual indicated that infants of OW/Ob mothers put on less overall FFM, but among these infants born to OW/Ob mothers, a higher %fat (by skinfold) at birth was associated with faster FFM gain. This insight is interesting because this interaction was not present in models of fat mass. Thus, infants of OW/Ob mothers particularly (who are potentially at genetic risk of later obesity) seem to 'normalize' %body fat by exhibiting faster FFM mass deposition, without any difference in fat mass deposition, when born with higher %body fat. All infants in this cohort exhibited normal growth and %body fat levels at 4 months, so variation observed was all within normal growth limits. This observation supports the benefit of exclusive breastfeeding to achieve healthy normalized growth and potentially mitigate effects of in-utero exposure.
These effects may be mediated by concentrations of HM glucose and ghrelin which were both associated with slower rates of FFM deposition; the effect size of HM glucose carried clinical significance (one standard deviation increase in HM glucose translated to 178 fewer grams of FFM between 2 weeks and 4 months). A small cross-sectional study (n = 19) reported that HM glucose was positively related to infant WLZ and a trend for positive relationship with FFM (P < 0.10) (19), contradicting our results. However, a subsequent publication of longitudinal data from the same cohort did not replicate the relationship with HM glucose (31) . Furthermore, our analysis controlled for maternal prandial state during milk collection, which would be expected to reduce HM glucose variability. The mechanism whereby HM glucose may impact infant growth is unclear. The concentration of HM glucose is too low to contribute significantly to caloric variation in HM, and thus any impact on growth is likely indirect. It is possible that glucose in HM could impact gastric and upper gastro-intestinal hormonal signalling, indirectly affecting FFM accumulation over time.
In our models of fat mass gain over time, any degree of formula supplementation (total breastfeeding exposure) was associated with faster fat gain. This is notable because supplementation was minimal -the supplementing group (<15% of infants) was providing an average of 2.6 oz formula/day at 4 months. Our model also suggested that HM with a higher n-6:n-3 ratio was predictive of faster fat mass gain. This finding replicates a similar finding detected in the larger cohort that did not account for other factors of HM composition (21) . Mean HM adiponectin concentrations were inversely correlated with fat mass gain. This finding has been detected in other studies of breast milk composition and infant growth (16, 18) . Mean HM insulin quintiles remained significant in the model of infant fat mass gain, which suggests that the role of insulin in the model of WLZ trajectory may be via regulation of the fat-mass compartment. Chan et al. recently reported a U-shaped relationship between HM insulin and infant WLZ in a large cross-sectional study (20) . Our data were longitudinal, included body fat measures and milk sampling controlled for maternal prandial state, which may have contributed to our detection of a more complicated relationship. The complicated nature of the relationship between HM insulin quintile and infant %fat gain may be due to the multifactorial impact of HM insulin on infant intestinal maturation, gene expression, blood glucose regulation, microbiome and potential interactive effects of insulin with other components of HM (32, 33) . Layering of these various effects of HM insulin atop individual fetal programming and HM hormonal milieu likely underlies the complexity of the relationship detected. This is an area where more research is clearly called for.
Our models of infant %fat gain over time provided very similar results to the model of fat mass gain. A notable exception was HM adiponectin, which was not identified as a predictor of %fat gain. Secondly, elevated maternal BMI (Ow/Ob) tended (P = 0.056) to be associated with a faster rate of %fat gain even among this predominantly breastfed cohort. It is important to note that this cohort exhibited normal growth rates and body composition; thus, faster %fat gain in the OW/Ob group does not necessarily imply increased obesity risk. However, it is noteworthy that maternal obesity status possibly contributes to infant %fat gain (but not fat mass) in the context of predominant breastfeeding, while controlling for HM composition.
The novelty of this study lies in our ability to model holistic growth (WLZ) as well as the %fat and FFM compartments of growth while considering the multiple bioactive contributors in HM as potential regulators of growth simultaneously. Our milk sampling methodology was well-controlled and rigorous. The minimal formula supplementation rates and longitudinal data design are additional strengths. Limitations include lack of measurements of HM volume intake. Furthermore, our sample size limits our ability to detect mores subtle relationships that may be underlying these complex physiological outcomes. It also limits the power we have to construct models of this nature, and larger cohorts are necessary to confirm replication of findings.
Together, these data indicated that individual bioactive components of HM may regulate different compartments of infant weight gain separately. Specifically, HM protein, n-6:n-3 ratio and insulin may contribute to adiposity, while HM glucose may contribute to accumulation of lean mass. Of note, these data suggest that breastfeeding and HM may mitigate the risk imposed by in-utero exposure to maternal OW/Ob, strengthening recommendations for exclusive breastfeeding, especially in infants at risk for later obesity.
